Abstract: Land surface hemispherical albedos of several targets have been resolved using the bidirectional reflectance factor (BRF) library of the Finnish Geodetic Institute (FGI). The library contains BRF data measured by FGI during the years [2003][2004][2005][2006][2007][2008][2009]. Surface albedos are calculated using selected BRF datasets from the library. Polynomial interpolation and extrapolation have been used in computations. Several broadband conversion formulae generally used for satellite based surface albedo retrieval have been tested. The albedos were typically found to monotonically increase with increasing zenith angle of the Sun. The surface albedo variance was significant even within each target category / surface type. In general, the albedo estimates derived using diverse broadband conversion formulas and estimates obtained by direct integration of the measured spectra were in line.
Introduction
Surface hemispherical albedo is one of the Essential Climate Variables (ECV) defined by the Implementation Plan for the Global Observing System for Climate in Support of the United Nations Framework Convention on Climate Change (UNFCCC) (http://unfccc.int/2860.php). It indicates how large a part of the incident radiation to a surface is reflected back. The albedo of land surfaces has large daily and seasonal variation in many regions. It also depends on the solar zenith angle. Although this dependence is qualitatively known and several models exist, systematic measurement data from well defined targets are rare.
Climate models require the land-surface albedo to be known at a quite high absolute accuracy, from 0.02 to 0.05 [1] . Several satellite-based instruments provide global and local albedos, for example MODIS on Terra and Aqua [2, 3] , METEOSAT [4] , SEVIRI [5] and AVHRR [6] . The methodology is mostly based on a parametrised bidirectional reflectance factor (BRF, e.g., RossThick-LiSparse), applied to an observed reflectance between the nadir and 70
• zenith angle [2] . MISR can provide multi-directional observations, but with less coverage [7] . Locally, surface albedo is often measured using mast-based or portable albedometers, and airborne measurements [8] [9] [10] [11] [12] [13] .
On the ground, the albedo is usually measured using broadband albedometers, consisting of upand down-looking pyranometers. The resolved albedo can be very accurate, if the surface is flat and homogeneous in the footprint scale, typically in the order of 10 m. The sensor sensitivities can be extended to wider or narrower wavelength bands, or even be replaced with a spectral sensor, which gives more detailed information. When the surface is heterogeneous or has some topography in the footprint scale, as is often case inside forests, this method leads to average values with no information on the contribution of diverse components.
For smaller samples, on the order of 10 cm, another alternative is to measure the BRF using a goniophotometer, and derive the albedo by integrating the BRF. In this paper, we take a selected set of fairly comprehensive BRF measurements from the Finnish Geodetic Institute's BRF library, and calculate the albedo from the data.
Current satellite sensors only sample the full broadband albedo at discrete wavebands. To obtain the full broadband albedo necessary for climate models, the satellite observations need to be converted from narrowband to broadband. This paper studies the effectiveness of various narrowband to broadband conversion algorithms. This is done by applying the algorithms to appropriate wavebands of the solved hemispherical albedos of the data set, and comparing the results to the albedo values obtained by integration over the whole spectrum.
Measurement and processing
The data is taken from the Finnish Geodetic Institute's BRF library. This library contains spectrally-resolved BRFs of over 100 land surface samples from various locations in Finland ( Figure  1 ), as well as spectrally-resolved BRFs of of several artificial targets. The measurements were taken using the Finnish Geodetic Institute Field Gonio-spectro-radiometer (FIGIFIGO) and its predecessor, the Goniometer 3 [14] [15] [16] [17] [18] [19] [20] . The three basic setups are as follows, in the field under sunlight, in a laboratory using an Oriel 1000 W quartz tungsten halogen lamp, and in the field using the Oriel 1000 W quartz tungsten halogen lamp.
From the data base, we selected a suitable set of targets. Because of varying degrees of completeness of the measurements, only a small part of the targets were suitable for comprehensive albedo analysis. First, the calibration of the instrument must be stable and accurate within 5% or better. Most of the data fulfilled this requirement, but we rejected some of the oldest sets. Second, the angular range for the observed zenith angles must range from at least 0
• to 70
• . We rejected some laboratory measurements.
Third, we needed at least five azimuth angles. We now dropped many samples measured outdoors in sunlight. The most difficult requirement was that there should be at least three differing illumination zenith angles. Finally, it was required that there had to be more than one independent measurement of similar targets, so that we could make a rough consistency estimate. Fifteen cases fulfilled the listed requirements, of which we selected the nine most interesting ones for analysis here:
1. We measured grey gravel from Sjökulla test field [21] in a laboratory and in the field with five illumination angles. The gravel was artificially made, homogeneous, and rough, with an average grain size of 1 cm.
2. We took dry sand from several locations in Finland and measured it at several illumination angles.
• 4. We measured dry old snow on 1 April 2008 in Sodankylä using a lamp at four different illumination angles. The snow was several days or weeks old, the grains were rounded, and its temperature was well below zero.
5. We measured very wet melting snow in March 2009 in a laboratory in Masala using a lamp at three different illumination angles.
6. We combined the data on Moss from measurements in Masala and Suonenjoki, both in sunlight and using a lamp, with a total of eight angles of illumination. The samples mostly consisted of Hylocomium splendens species.
• Figure 2 . Definition of the angles used in surface reflectance work: ϵ and ι are the zenith angles of the emergent (Observer) and incident (solar) radiation respectively, ϕ and ϕ 0 are the corresponding azimuths. The phase or back scattering angle α is the angle between the Observer and the Sun. The principal plane is fixed by the solar direction and the surface normal to it, while the cross plane is a vertical plane perpendicular to the principal plane. The usable spectral range was from 450 to 2,350 nm. The diffuse illumination component of the radiation has been separately measured and subtracted from all the radiation data, thus all the results correspond to a black sky condition.
Computing the albedo from discrete measurement points required modelling to interpolate and extrapolate the BRF to full hemisphere, since the measurements were not optimised for albedo measurements. Most measurements covered only half of the hemisphere, and thus the other half was assumed to be symmetric. Next, we fitted a simple polynomial to the data to give a smooth function over the hemisphere. Then, we computed the albedo (A) using an 11 × 18 point Gaussian/trapezoid quadrature
where R is the bidirectional reflectance factor, w ij is the quadrature weight, µ = cos ϵ, µ 0 = cos ι, and the angles ι, ϵ, ϕ are defined in Figure 2 . The polynomial was of the form
where a ]. This expansion assumes explicit reciprocity, left-right symmetry, isotropy in the solar azimuth (R(ϕ, ϕ 0 ) = R(|ϕ − ϕ 0 |), and a certain smoothness of the BRF shape. We used this polynomial because it was the best one supported by the primitive software, but it is not a substitute for proper physical modelling. • . We used the dashed line to compute the PAR (photosynthetically active radiation)
albedo. The dotted line represents the solar radiation above the atmosphere, and was used for the top of atmosphere (TOA) albedo (with two technical modifications to the atmospheric water vapour absorption bands around 1,400 nm and 1,800 nm to deal with instrument noise in the sunlight measurements). All spectra are normalised to the same value.
In addition to a detailed spectral albedo, many applications actually use only broadband albedos, that is to say, albedo which is integrated over a wavelength weighted by the spectrum of the incident light.
For climatological applications, the surface broadband albedo is an important parameter, as it is related to the heating rate of the surface. Unfortunately, the broadband albedo depends on the varying incident radiation, which makes their comparison difficult. Thus, to make comparisons possible, we derived all broadband albedos shown here from the measured spectral albedos using the same solar spectrum, measured on 18 May 2009 in Sjökulla, under a clear sky at a solar zenith angle of about 60
• . For ecological purposes, another important albedo is the PAR-albedo (photosynthetically active radiation), which is simulated here by cutting the spectral range to 400-700 nm, where the chlorophyll mostly absorbs and utilises the radiation. Satellite users often normalise the albedo with the top of atmosphere (TOA) radiation. Because TOA does not depend on the atmosphere, it forms a fixed reference frame for presenting and comparing the results, although with less physical significance. Each of the three spectral distributions of irradiance which we apply in this paper are shown in Figure 3 . Because the BRF measurements taken in sunlight have gaps at the atmospheric water vapour absorption bands around 1,400 nm and 1,800 nm, the TOA spectrum is slightly modified here around these bands.
Results

Albedos
The albedos of the nine selected targets are presented in Figures 4-7.
We selected grey gravel from the four reference surfaces in the Sjökulla test field [21] . The spectral and angular characteristics are rather flat, as was the design goal of the test field (Figure 4 top). The sand varies a bit from target to target, but its' main features are systematic (Figure 4 bottom).
The new snow albedo ( Figure 5 top) is typical for small-grained snow. The albedo shows monotonically increasing dependence towards the larger zenith angles. Dry old snow ( Figure 5 middle) also has a weak increasing trend in albedo relative to the zenith angle, although it is smaller than with other snow types. The spectrum is also darker in NIR-bands than with new snow because of the larger grain size. The wet snow ( Figure 5 bottom) is spectrally close to dry old snow, but it has the strongest zenith angle dependence.
We combined the vegetation results ( Figure 6 ) from several measurements. Though this caused some variation in the data, the trends are clear. The spectral characteristics are typical for vegetation: lichen is the greyest (flattest spectrum) and brightest and shrubs are the darkest. The zenith angle dependence of the albedo is weakly positive.
In all samples, the albedo is a more or less a monotonically increasing function of the zenith angle. However, temporal and spatial variations can be significantly larger than the zenith angle dependence alone, even in very short time and length scales. This is demonstrated in Figure 7 , where we measured single peat sample both wet and dry, during the same day; It showed a very clear difference. In the same figure, the albedos of white gravel are shown, measured at different times between 2007 and 2009.
The broadband albedo values of the various targets corresponding to the sun zenith angle of 60 • are given in Table 1 . All measured vegetation targets have higher albedos than the grey gravel, but only lichen is brighter than sand. Naturally, all measured snow targets have much higher albedo values than any of the other targets. The albedo values are characteristic of the target and variation between individual samples is usually smaller than differences between targets. The relative accuracy of the results is estimated to be around 5% for zenith angles between 0 • and 60
• , and about 10% for larger angles. The largest sources of error are calibration inaccuracies, sunlight variations in outdoor measurements and light source imperfections in lamp measurements, enhanced by the heterogeneity and variability of the targets. One special challenge is that natural land surfaces are never exactly horizontal, but more or less sloped in all directions. We selected all the targets from the flattest spots, but the uncertainty of levelling can still be between 1 • and 10
• , which can cause significant bias in albedo values. For some vegetation targets in particular, it is difficult to even say how the surface level should be measured, and the particular shape of the measured sample can play a significant role. The spectral shape is assumed to be more accurate relatively than absolutely. 
Evaluation of Narrow-to-Broadband Surface Albedo Conversion Equations
We also used the measured albedo spectra to test various broadband conversion algorithms found in the relevant literature (Table 4 in Appendix 1). We applied the conversion formula to the measured albedo values integrated over the given wavelength bands. We then compared the obtained broadband Table 2 . The relative difference of the two albedo estimates did not generally show a marked dependence on the solar zenith angle (Figures 8-10 ), but Figure 7 . Left: Differences between the single peat sample from Suonenjoki when wet (dotted curve) and dry (solid line). Right: albedo of a Sjökulla white gravel sample measured in different weather, cleanness, and ageing conditions. The angle of incidence was 60
• ± 5
• . the broadband albedo values obtained using the conversion methods were systematically slightly smaller than the values obtained by integrating the whole spectrum, except for snow. The reason for obtaining smaller albedo values for vegetated targets using the broadband conversion formulas than by integrating the measured spectra is probably also related to the large variation of spectra for diverse species. The magnitude of the difference did not markedly depend on the magnitude of the albedo (Figures 11, 12) . The reason for the difference in the snow albedo may be related to the different structures of the measured snow and the Arctic snow used for the development of the broadband conversion formulae of snow. In addition, cloud screening problems with the satellite images may have caused an additional error in the broadband conversion parameters. It is obvious that all broadband conversion methods are rather systematic, so that the deviation from the integrated spectra does not have much scatter. We computed the mean and standard deviation of the absolute values of the difference which are shown in Table 2 according to target type. We included all solar angle measurements in the statistics. The table is sorted according to the increasing order of the mean difference. For the snow data, we tested Figure 8 . The relative difference between two broadband albedo estimates and the sun zenith angle for various targets. We derived the two albedo values as follows: (1) by using various broadband conversion formulae from Liang [25] and (2) by directly integrating of the measured BRF spectrum. three sets of broadband conversion algorithms dedicated to snow [22] [23] [24] in addition to the general purpose methods. For the studied data set, the mean difference of the broadband albedo values, which we obtained by using various general purpose spectral conversion methods or integration of the whole spectrum, is smaller than 0.03 for 5 methods (Table 2 ) and smaller than 0.07 for all methods. Here one has to notice that each of the methods tends to produce slightly smaller values than the integrated measured BRF spectrum for albedos smaller than 0.4 and larger values for albedos larger than 0.6 (Figures 11, 12 ). The relative difference between two broadband albedo estimates and the sun zenith angle for various targets. We derived the two albedo values as follows: (1) by using various broadband conversion formulae from van Leeuwen and Roujean [26] and (2) While most of the general purpose methods were almost as good for the snow targets as the dedicated ones, with four of them having a mean difference of albedo magnitude smaller than 0.035 [25, 26] , the small number of snow types in this data set does not permit strong conclusions. For the whole data set, the standard deviation is smallest for the three broadband conversion methods which had the smallest mean difference. Mostly, the standard deviation values are smaller for land targets other than snow. The very small standard deviation for the MODIS based broadband algorithm [25] of either land or snow targets indicates that the method is systematic and only the snow cover is Figure 10 . The relative difference between two broadband albedo estimates and the sun zenith angle for snow. We derived the two albedo values were derived as follows: (1) by using various dedicated snow broadband conversion formulae from Greuell and Oerlemans, Knap and Oerlemans and Xiong et al. [22] [23] [24] and (2) by directly integrating the measured BRF spectrum. problematic, so that the mean deviation is larger than for many other conversion methods (Table 2) . Likewise, the MISR-based broadband conversion method [25] is quite good for land targets but not for snow. The accuracy of the BRF measurements is about 5% for solar zenith angles smaller than 60 • and about 10% for larger angles (see Section 2). The rate error for the satellite-based methods is also estimated to bea few percentage points [25, 26] . It turned out that, for all broadband conversion methods tested, the deviation from the value obtained from the integrated spectrum was smaller than 9% for all sun zenith angles used. Hence, it seems that for new snow the satellite-based broadband albedo estimation is reliable. For dry old snow and wet snow, the broadband conversion methods tend to produce systematically higher values than the integrated measured BRF spectrum, but still the agreement is in most cases within 15% for all sun zenith angle values. The dedicated snow methods give the best results for new snow, but for wet and old dry snow the general purpose conversion formulae for POLDER and AVHRR [25] produce estimates closest to the measured values.
For grey gravel, there is no marked bias between the measured and estimated broadband albedo values and the difference is within 15% for 10 of the conversion methods (out of a total of 16). The calculated broadband albedo estimate for sand is systematically smaller than the integrated spectrum in all cases but one, but still the difference is within 15% for 12 of the conversion methods. Here one should notice that the sand measured is the kind which exists in Finland, whereas the broadband conversion formulae have typically been derived for sand found in deserts.
For lingonberry, moss and lichen, the calculated and measured broadband albedo values deviate less than 15% from each other for 10, 12 and 13 conversion methods, respectively. In all cases, the conversion methods tend to produce smaller estimates than the integrated spectrum.
The six broadband conversion methods which produced albedo estimates deviating less than 15% from the values obtained by direct integration of the BRF spectra for all targets and for all sun zenith [25] , MODIS [25] , POLDER [25] , SEVIRI 234 [26] , and SPOT VGT [25] . For all targets other than snow, the MISR-method [25] provided estimates which deviated less than 15% from the directly-integrated BRF spectrum. When not using any conversion method, the albedo estimates matched the integrated spectrum at an accuracy of better than 10% for all targets, but for the MODIS [25] and POLDER [25] methods only one of the no-snow targets had a poorer match (lingonberry and sand, respectively). It is not necessarily possible to obtain a perfect match with the tested broadband albedo conversion methods, as they are described using simple statistical relationships which are typically low-order polynomials. In order to test the effect of the polynomial coefficient values on the accuracy of the albedo estimation, we derived the optimal parameter values (for this data set) for the same functions using linear regression. We did this only for the general purpose conversion formulae, including albedos related to all target types and solar angles in the regression data set. We then derived new albedo estimates using the same conversion functions as before, but with the optimised parameter values. The mean difference of the albedo estimates derived in this way showed the best achievable accuracy of the conversion function form for the data set in question. The ratio of the albedo difference between the optimal and original parameter values in the conversion functions is shown in Table 3 . It is natural to expect that it would be more difficult to optimise parameters for a one-channel method than for the methods using several channels. This is also revealed by the fact that the three largest ratios belong to single channel methods. In fact, for this data set the AVHRR 4 conversion method by van Leeuwen and Roujean [26] seems to have optimal parameter values for the data set in question, and indeed the mean albedo estimation accuracy using this method is quite high. On the other hand, for this data set, the methods having the smallest ratio of albedo estimation error have the largest potential to still be improved by adjusting the parameter values, although the accuracy is already good when using the original parameter values. Table 3 . The ratio of the mean difference of albedo estimates derived by (1) using broadband conversion; and, (2) direct integration of the BRF spectrum. In the nominator, the broadband conversion has been derived using optimised parameter values and, in the denominator, by using original parameter values. The spatial resolution of the satellite, for which the conversion method has been derived, did not affect the match of the two albedo estimates. This is understandable, because even the highest satellite resolution (15 m x 15 m, ASTER) is much greater than the measured samples, which are in centimetre-scale. Moreover, a satellite pixel will most likely contain a mixture of several targets, especially if there is vegetation present. Therefore, an exact match between two albedo estimates for each individual target is not a necessary requirement for a good broadband conversion formula.
Discussion
The increasing trend of the zenith angle dependence of the albedo agrees well with previous measurements with many kind of targets, [27] [28] [29] . However, often the target itself varies faster than the zenith angle changes, and deducting clear dependence from data can be uncertain, as already noted by Wuttke et al. [30] , based on Antarctic snow albedo observations. The diurnal asymmetry is known to affect both vegetation [31] and snow data [9] .
There is no single broadband conversion method which could produce the closest albedo estimate for the measured BRF spectrum in all target cases. For AVHRR, a method using the visible and near infrared bands gives the closest estimate in half of the cases. This supports the positive results obtained previously [25] . For SEVIRI, the method which applies the channels 2, 3 and 4 (Table 4) gives the closest estimates in most cases. Without channel 4, and when also including channel 3 in addition to channels 1 and 2, the results improve or deteriorate depending on the target in question. Previously, the channel combination 1, 2 and 3 has been found to be the most promising, but the combination 2, 3 and 4 has also produced positive results [26] . The results of this study are, in that respect, close to previous results. However, in this study the use of all four channels of SEVIRI was not successful, unlike in the previous study.
Our results showed that the broadband conversion methods derived for various satellite instruments in general display a similar behaviour. The deviation from the measured and integrated BRF spectrum has roughly the same solar zenith angle dependence for all methods, but the absolute difference has a wide variation range. In fact, the broadband albedo estimates obtained using different broadband conversion methods typically differ from each other at least as much as from the value obtained by direct integration of the measured BRF spectrum. One reason for the discrepancy between the various broadband conversion methods could be the effect of the atmosphere on the measured ground truth, which then would affect the parameter values of the conversions formulae [11] . Thus, the target accuracy of climate models for broadband albedo is quite demanding for satellite retrieval.
Conclusions
We have resolved the hemispherical albedos of nine targets as a function of the angle of incidence, using data from the Finnish Geodetic Institute's BRF library. With almost all targets and wavelengths, the hemispherical albedo is a monotonically increasing function of the angle of incidence. Typically, this brightening is between 10% and 30% (relative), but it could be larger outside the measurement range. The spectral shape depends slightly on the solar zenith angle, in other words, all features look qualitatively similar, but numerical differences and the ratios between channels can vary a by few percentage points. Variations in albedo are not only significant between diverse targets, but also within the same class of surface types. Since natural surfaces are often a mixture of many surface types (various vegetation and soil types, snow, ...) while the measurements covered only the most ideal and homogeneous surfaces, the true variation of albedos is even larger than shown in this study.
For more accurate and useful albedo models, many more dedicated albedo measurements should be performed. Albedometers and spectrometers using cosine collectors can directly measure albedo values of homogeneous areas under sunlight. There is still a need for an instrument that can measure more accurately less homogeneous targets with a large range of illumination directions and analyse the contribution of diverse components.
The agreement between the measured and calculated broadband albedo values mostly fell within the accuracy of the measurements and broadband conversion methods. The solar zenith angle or the spatial resolution of the satellite instrument did not play a significant role in the accuracy of the broadband conversion method. The general purpose conversion formulae produced nearly as good results for snow as the snow-dedicated methods.
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